Cognitive impairment is a leading cause of dysfunction in the elderly. When mild cognitive impairment (MCI) occurs in elderly, it is frequently a prodromal condition to dementia. The Montreal Cognitive Assessment (MoCA) is a commonly used tool to screen for MCI. However, this test requires a face-to-face administration and is composed of an assortment of questions whose responses are added together by the rater to provide a score whose precise meaning has been controversial. This study was designed to evaluate the performance of a computerized memory test (MemTrax), which is an adaptation of a continuous recognition task, with respect to the MoCA. Two outcome measures are generated from the MemTrax test: MemTrax speed and MemTrax correct . Subjects were administered the MoCA and the MemTrax test. Based on the results of the MoCA, subjects were divided in two groups of cognitive status: normal cognition (n = 45) and MCI (n = 37). Mean MemTrax scores were significantly lower in the MCI than in the normal cognition group. All MemTrax outcome variables were positively associated with the MoCA. Two methods, computing the average MTX score and linear regression were used to estimate the cutoff values of the MemTrax test to detect MCI. These methods showed that for the outcome MemTrax speed a score below the range of 0.87 -91 s −1 is an indication of MCI, and for the outcome MemTrax correct a score below the range of 85 -90% is an indication for MCI.
INTRODUCTION
The worldwide population, led by Europe, North America, and Northern Asia, is aging, causing a rapid increase in the proportion of elderly persons. With increasing age, there is a well-established progressive, exponential increase of the development of cognitive impairment, dementia, and Alzheimer's disease (AD) [1] , which is leading to a huge increase in the number of people with these conditions [2] [3] [4] . Early detection and identification of cognitive disorders can improve patient care, decrease health care costs, and could help in delaying the onset of more severe symptoms, thus potentially helping to ease the rapidly developing burden of dementia and AD. Therefore, better tools are needed to monitor cognitive function in the elderly [5] [6] [7] .
To perform clinical assessments of cognitive and behavioral functions of the elderly, clinicians and researchers have developed hundreds of screening and brief assessment tools [8, 9] , and several tests have come into common use [5, 10] . One of the most frequently used tools for clinical assessment of mild cognitive impairment (MCI) in academic settings is the Montreal Cognitive Assessment (MoCA) [11] .
The MoCA assesses seven cognitive functions: executive, naming, attention, language, abstraction, memory/delayed recall, and orientation. The domains memory/delayed recall and orientation of the MoCA were previously identified as the most sensitive items to early Alzheimer-type cognitive impairments [12] , which led to the concept that memory encoding was the fundamental factor attacked by the AD neuropathological process [13, 14] . Therefore, in a clinical tool for the assessment of the cognitive impairments associated with AD, memory is the central cognitive factor to consider, while other impairments, including aphasia, apraxia, agnosia, and executive dysfunction, though commonly disrupted by AD, may be related to the dysfunction of neuroplastic memory processing mechanisms in the supporting neocortical regions.
Although the MoCA is widely used for assessing MCI, administration of the MoCA is done faceto-face, which is time-consuming and requires a clinical encounter and consequently requires a considerable cost for each administration. In the course of an assessment, the time required to administer a test increases the accuracy of the assessment [15] , so future developments must take this relationship into account to develop more efficient tests [8] .
A critical issue in this area is the requirement for cognitive assessment over time [16, 17] . Assessment of changes over time are important for detecting and determining the progression of impairment [18] , the efficacy of treatment, and the evaluation of therapeutic research interventions. Most such tools available are not suitable nor designed for high levels of precision and cannot be easily administered on a frequent basis. The solution to improve cognitive assessment has been suggested to be computerization [19, 20] , but most such efforts have provided little more than computerization of commonly used neuropsychological tests [21, 22] , and have not been developed to specifically address the critical issues of cognitive assessment required to understand early dementia and its progression [6, 23] . Therefore, new cognitive assessment tools should be computerized and based on an unlimited source of comparable tests, which are not limited by language or culture, that provide levels of accuracy, precision, and reliability which can be progressively improved. In addition, such tests must be fun and engaging, so that repeated testing will be considered a positive rather than onerous experience. On-line testing, in particular, offers the potential to meet this need, while providing rapid collection and analysis of data, and providing immediate feedback to participating individuals, clinicians, and researchers.
The present study was designed to assess the utility of an on-line adaptation of a continuous recognition task (CRT) paradigm [24] , for assessing cognitive function in a population of community-dwelling individuals who had not been identified as having dementia. The CRT paradigm is widely used in academic studies of memory mechanisms [25] . The CRT approach was first implemented as an audience demonstration tool that provided data on individuals who were interested in memory problems [26] . Subsequently, this test was implemented on-line by a French company (HAPPYneuron, Inc.); by a US-based company, MemTrax, LLC (http://www.memtrax.com); by the Brain Health Registry (http://www.brainhealthregistry.org) (a URL developed by Dr. Michael Weiner, UCSF, and his team to support recruitment for studies of cognitive impairment) [27] ; and by a Chinese company (http://www.memtrax.com.cn; SJN Biomed, LTD). This test, as of June 2018, has obtained data from over 200,000 users, and it is in trials in several countries.
In the present study, the MemTrax (MTX), a CRTbased test, was administered in conjunction with the MoCA in an independently-living elderly population in the northern Netherlands. The object of this study was to determine the relationship between performance on this implementation of the CRT and the MoCA. The question was whether the MTX would be useful for estimating cognitive functions assessed by the MoCA, which could indicate potential clinical applicability.
MATERIALS AND METHODS

Study population
Between October 2015 and May 2016, a cross-sectional study was performed among community-dwelling elderly in the northern Netherlands. Subjects (≥75y) were recruited through distribution of flyers and during group meetings organized for elderly people. Potential subjects were visited at home to screen for the inclusion and exclusion criteria before they were enrolled in this study. Subjects who suffered from (self-reported) dementia or who had severely impaired vision or hearing that would influence the administration of the cognitive tests were not allowed to participate in this study. In addition, subjects needed to be able to speak and comprehend the Dutch langue and not be illiterate. The study has been performed according to the Helsinki declaration of 1975 and all participants signed an informed consent form after receiving a detailed explanation of the study.
Study procedure
After enrollment in the study, a general questionnaire was administered, which included questions about demographic factors, such as age and years of education (starting at primary school), medical history, and alcohol consumption. Following completion of the questionnaire, the MoCA and MTX tests were administered in random order.
MemTrax
As a courtesy of MemTrax, LLC (Redwood City, CA, USA), free full versions of the MTX test were provided. In this test, a series of 50 images is shown for up to three seconds each. When an exact repeated image appeared (25/50), the subjects were instructed to react to the repeated image as quickly as possible by pressing the spacebar (which was indicated by a red colored tape). When the subject responded to an image, the next image was shown immediately. After finishing the test, the program shows the percentage of correct responses (MTX correct ) and the average reaction time in seconds for repeated images, which reflects the time needed to press the spacebar when recognizing a repeated image. To match the dimensions of these two measures, the reaction time was converted into the reaction speed (MTX speed ) by dividing 1 by the reaction time (i.e., 1/MTX reaction time ). The test history of all individual MTX scores and their validity was automatically saved online in the test account. The validity of all performed tests was checked, requiring 5 or fewer false positive responses, 10 or more correct recognitions, and average recognition time between 0.4 and 2 seconds, and only valid tests were included in the analysis.
Before the actual MTX test was administered, the test was explained in detail and a practice test was provided to the subjects. This included not only the test itself, but also the instruction and count-down pages to let the participant get accustomed to the layout of the site and the initial actions needed, before the start of the test. To avoid repetition of images during the actual test, images not included in the MTX database were used for the practice test.
Montreal cognitive assessment tool
Permission was obtained from the MoCA Institute & Clinique (Quebec, Canada) to use the MoCA for this research. The Dutch MoCA is available in three versions, which were randomly administered to the subjects. The MoCA score is the sum of performance on each separate cognitive domain assessed and has a maximum score of 30 points [11] . As per the official recommendation, an additional point was added if the participant had ≤12 years of education (if <30 points). The official test instructions were used as a guideline during the administration of the tests. The tests were administered by three trained researchers and administration of one test took about 10 to 15 min.
Data analysis
Based on the results of the MoCA, which was corrected for education, the subjects were divided in two groups of cognitive status: normal cognition (NC) versus mild cognitive impairment (MCI). The MoCA score of 23 was used as a cutoff for MCI (scores of 22 and below were considered MCI), as it was shown that this score showed overall 'the best diagnostic accuracy across a range of parameters" compared to the initially recommended score of 26 or the values of 24 or 25 [28] . For all analyses, the corrected MoCA score was used as this score is used in clinical settings.
The MTX test gives two outcomes, namely MTX reaction time , which was converted to MTX speed by 1/MTX reaction time , and MTX correct .
Statistical analyses were carried out using R (version 1.0.143, Rstudio Team, 2016). Normality was checked for all variables by the Shapiro-Wilk test. Variables of the whole study population, and of the NC and MCI groups, were reported as the mean ± standard deviation (SD), median and interquartile range (IQR) or as number and percentage. Independent sample T-tests and Wilcoxon Sum Rank tests for continuous variables and Chi-squared tests for categorical variables were performed to compare the characteristics of the NC and MCI group. The A previously executed sample size calculation showed that for an one-tailed Pearson correlation test (power = 80%, α = 0.05), with the assumption of a medium effect size (r = 0.3), a minimal sample size of n = 67 was needed [29] . Polyserial correlation tests were calculated to assess the relation between the MTX test results and the separate MoCA domains using the psych package in R [30, 31] .
The equivalent MoCA score for given MTX scores was calculated by computing the average MTX score for each possible MoCA score and linear regression was performed to estimate the equations relating these measures. In addition, to determine the cutoff values of the MTX test for MCI measured by MoCA, and the corresponding sensitivity and specificity values, a Receiver Operator Characteristic (ROC) analysis was performed using the pROC package in R [32] . Non-parametric stratified bootstrapping (n = 2000) was used to compare the area under the curves (AUCs) and the corresponding confidence intervals. The optimal cutoff score was calculated with the Youden method, which maximizes the true positives while minimizing false positives [33, 34] .
For all statistical analyses, a two-sided p-value of <0.05 was considered as threshold for statistical significance, except for the analysis to assess the relation between MTX and MoCA (i.e., correlation analysis and simple linear regression) for which a one-sided p-value of <0.05 was considered as significant.
RESULTS
Subjects
In total, 101 subjects were included in this study. Data of 19 persons were excluded from analysis, as the MTX test results from 12 subjects were not saved by the program, 6 subjects had invalid MTX test results, and one subject had a MoCA score of 8 points, indicating severe cognitive impairment, which was an exclusion criterion. Therefore, data from 82 subjects were included in the analysis. No significant differences in the MoCA test results were found between the different versions of the MoCA and between the administrators. In addition, the order of test administration had no significant effect on any of the test scores (MoCA, MTX speed , MTX correct ). Based on the MoCA test results, subjects were placed in the NC or MCI group (e.g., MoCA ≥ 23 or MoCA < 23, respectively). The subject characteristics for the total study population, and the NC and MCI groups are presented in Table 1 Figure 1 shows the results of the cognitive test outcomes of NC and MCI subjects. The mean MTX scores (e.g., MTX speed and MTX correct ) were significantly different between the two groups. NC subjects (0.916 ± 0.152 s −1 ) had a significant faster reaction speed compared to MCI subjects (0.816 ± 0.146 s −1 ); t(80) = 3.01, p = 0.003) (Fig. 1A) . In addition, NC subjects had a better score on the MTX correct variable than MCI subjects (91.2 ± 5.0% versus 87.0 ± 7.7% respectively; t w (59) = 2.89, p = 0.005) (Fig. 1B) . 
Correlation between MTX and MOCA
Associations between MTX test scores and MoCA are shown in Fig. 2 . Both MTX variables were positively associated with the MoCA. MTX speed and MoCA showed a significant correlation of r = 0.39 (p = 0.000), and the correlation between MTX correct and MoCA was r = 0.31 (p = 0.005). There was no association between MTX speed and MTX correct .
Polyserial correlations were calculated between the MTX test scores and the MoCA domains to determine the association of each domain with the MTX metrics. The polyserial correlations are shown in Table 2 . Multiple domains of the MoCA were significantly correlated with MTX speed. The domain "abstraction" showed the highest correlation, although moderate, with MTX speed (r = 0.35, p = 0.002). The domains "naming" and "language" showed a weak to moderate significant association with MTX speed (r = 0.29, p = 0.026 and r = 0.27, p = 0.012, respectively). MTX correct was not significantly associated to the MoCA domains, except for a weak correlation with the domain "visuospatial" (r = 0.25, p = 0.021).
MTX scores and estimated cutoff values for MCI
To determine the corresponding scores of MTX and MoCA, the MTX scores of each MoCA score were averaged and linear regression was calculated to predict the relationships and corresponding equations. The results of the linear regression indicated that MTX speed explained 55% of the variance in MoCA (R 2 = 0.55, p = 0.001). The variable MTX correct explained 21% of the variance in MoCA (R 2 = 0.21, p = 0.048). Based on the equations of these relationships, equivalent MoCA scores were calculated for given MTX scores, which are shown in Table 3 . Based on these equations, the corresponding cutoff values (e.g., MoCA score of 23 points) for MTX speed and MTX correct are 0.87 s −1 and 90%. In addition, multiple linear regression on both MTX variables was performed, but the variable MTX correct did not significantly contribute to the model and therefore the results are not shown.
In addition, MTX cutoff values and the corresponding sensitivity and specificity were determined via a ROC analysis. The ROC curves of the MTX variables are presented in Fig. 3 . The AUCs for MTX speed and MTX correct are, respectively, 66.7 (CI: 54.9 -78.4) and 66.4% (CI: 54.1 -78.7). The AUCs of the MTX variables used to assess MCI established by MoCA were not significantly different. Table 4 shows the sensitivity and specificity of different cutoff points of the MTX variables. The optimal cutoff scores, which maximized true positives while minimizing false positives, for MTX speed and MTX correct were 0.91 s −1 (sensitivity = 48.9%; specificity = 78.4%) and 85% (sensitivity = 43.2%; specificity = 93.3%), respectively.
DISCUSSION
This study was set up to investigate the on-line MTX tool, a CRT-based test, using the MoCA as reference. The MoCA was chosen because this test is currently widely used to screen for MCI. However, the optimal cut-points for the MoCA are not clearly established [28] . The comparisons of the individual measures of MTX with the MoCA show that a simple, short, on-line test can capture a significant proportion of the variance in cognitive functioning and cognitive impairment. In this analysis, the strongest effect was seen for the speed measure. The correctness measure showed a less robust relationship. A significant finding was that no correlation was observed between the MTX speed and correctness measures, indicating that these variables measure different components of the underlying brain processing function. Thus, no indication of a speed-accuracy trade-off was found across subjects. In addition, two different methods were used to estimate the cutoff values of the MTX test to detect MCI. These methods showed that for the outcomes speed and correctness, a score below the ranges of respectively 0.87-91 s −1 and 85-90% are an indication that individuals who score below one of those ranges are more likely to have MCI. A "costworthiness analysis" would indicate at what point an individual should be advised to consult a physician about performing more comprehensive tests to screen for MCI [8, 35] . In the present study, it was found that the domains "naming", "language", and "abstraction" measured by the MoCA had the highest correlations with one of the MTX outcomes, although the correlations were weak to moderate. This is in contrast to what was expected, since previous studies showed in examining the Mini-Mental State Exam using Item Response Theory, that the domains "memory/delayed recall" and "orientation" were the most sensitive to early AD [12] . At this very early stage of cognitive dysfunction, it appears that MoCA indicators of subtle impairments in naming, language, and abstraction are more sensitive to MCI than the measures of memory and orientation, consistent with previous findings in an Item Response Theory analysis of the MoCA [36] . Further, the MTX measure of recognition speed appears to reflect this early impairment before recognition memory as measured by MTX (which has a significant ceiling effect). This constellation of effects suggests that the complex aspects of the pathology causing MCI reflect the early brain changes which have been difficult to conceptualize with simple neurocognitive approaches and may actually reflect the progression of the underlying neuropathology [37] .
Strong points in the present study are that the sample size (n = 82) was more than adequate to detect the correlations between the MoCA and MTX in this relatively old population. In addition, a practice test was administered to all subjects, so that elderly individuals who were not used to a computer had a chance to adjust to the testing environment and the equipment. Compared to the MoCA, subjects indicated that the MTX was more fun to do, whereas the MoCA felt more like an exam. The age of the subjects and their community independence restricted the focus of the analysis to this select group of relatively highfunctioning individuals, but this group is among the most difficult for impairment identification.
Of note, although considered a standard screening test, the MoCA is only a test for indicating the possible presence of MCI, not a diagnostic tool or an absolute measurement of cognitive dysfunction. So, accordingly, the comparison of the MoCA and MTX is relative, and either is likely to have captured independent variance in the MCI identification. Accordingly, an important issue in the literature has been the effort to define the usefulness of the MoCA [38] , its validation [39] , the establishment of normative scores [40] , the comparison with other brief cognitive assessments [41] [42] [43] [44] [45] , and its utility as a screening tool for MCI [46] (reviewed by Carson et al., 2017 [28] ), as well as the applicability of an electronic version [47] . Such analyses involve examination of sensitivity and specificity, usually using ROC analysis with measurement of "area under the curve", and the recommendation of a cutoff for "diagnosis". However, in the absence of any approach for determining absolutely where an individual lies on the continuum of mild impairment, together with the tremendous variability in the underlying brain functions contributing to that impairment, all such tools can only provide a probabilistic estimation. Providing correlations between different measures only shows that the underlying condition is being correctly addressed, but the real biological state cannot be precisely defined with this approach. Though higher level analyses can be practically useful in a clinical setting, establishment of such utility requires additional consideration of four factors: the prevalence of the condition in the population; the cost of test, the cost of the false-positive results, and the material benefit of true positive diagnosis [8, 35] .
A major part of the problem in evaluating AD and its associated cognitive impairment is that there are no real "stages" [48] , but rather a temporal continuum of progression [8, 17, 49] . The distinction of "normal" from MCI is actually much more difficult than distinguishing either of these conditions from the mild dementia associated with AD [50, 51] . Using the concept of "Modern Test Theory", the issue becomes determining where on the continuum an individual is most likely to be within a particular confidence-interval range, given a particular test score. To make such determinations, more precise assessments are needed than are provided by most brief cognitive tests, but such as are provided by MTX. Increased precision and removal of observer bias with computerized testing is a promising direction. Also, a computerized test, such as the MTX, provides the possibility of an unlimited number of comparable tests, substantially reducing the variance of the impairment estimation. Further, in principle, computerized testing can test many of the memoryrelated domains affected by AD. This study did not compare MTX with the numerous other computerized tests which have been created (see introduction), but none of the ones available so far use the powerful approach offered by a CRT. Further development of computerized testing is an important area for further attention and support. Finally, training effects can be factored into the analyses.
At this time, computerized on-line testing is not an established approach to screen for dementia, assess cognitive impairment, or make any clinical diagnosis. However, the power and potential of this approach, particularly the use of CRT, to evaluate episodic (short-term) memory, is enormous and will likely be critical in future applications of cognitive evaluation, including dementia screening and assessment, post-operative confusion monitoring, establishment of mental capacity for decision making, detecting post-concussion deficits, and estimation of potential impairment for driving safety. In this study, it is shown that MTX can capture a significant proportion of the variance of cognitive impairment. In addition, cutoff values are presented for the MTX variables that are equal to the MoCA cutoff score for MCI. For future research, it is suggested to investigate in larger, more clearly defined populations to establish MTX as screening tool for MCI. Such population should include clinical samples where diagnostic issues can be defined as precisely as possible and subjects can be followed over time with MTX and other cognitive tests. Such analyses can determine variations in the trajectories of cognitive decline, related to both normal aging and various pathological conditions. As computerized testing and registries develop, much more information about levels of health will become available and undoubtedly lead to great improvement in health care and hopefully approaches to preventing such conditions as AD.
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